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U
nderstanding the causes and con-
sequences of transposable element
(TE) activity in the genomic era requires
sophisticated bioinformatics approaches
to accurately identify individual inser-
tion sites. Next-generation sequencing
technology now makes it possible to
rapidly identify new TE insertions using
resequencing data, opening up new
possibilities to study the nature of TE-
induced mutation and the target site
preferences of different TE families.
While the identification of new TE
insertion sites is seemingly a simple task,
the mechanisms of transposition present
unique challenges for the annotation of
de novo transposable element insertions
mapped to a reference genome. Here
I discuss these challenges and propose a
framework for the annotation of de novo
TE insertions that accommodates known
mechanisms of TE insertion and estab-
lished coordinate systems for genome
annotation.
Overview
Next-generation sequencing (NGS) offers
unparalleled opportunities to study the
causes and consequences of transposable
element (TE) activity across an ever-
widening range of host species. Conse-
quently, a large number of computational
methods have recently been developed to
identify both artificially and naturally
induced TE insertions using NGS data.
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These methods use diverse approaches, but
share the fundamental aim of assessing
whether a particular TE insertion is
present in a given individual, or pool of,
resequenced genome(s).
TE insertions discovered in resequenced
genomes can either be known (i.e., inser-
tions present in the reference genome) or
novel (i.e., de novo insertions not present
in the reference genome). Since known TE
insertions occupy an identifiable span in
the reference genome, representing them
as a range of coordinate is no different
than any other annotated genomic feature,
such as genes or regulatory elements.
However, de novo TE insertions are by
definition not present in the genome
sequence and their representation, while
conceptually simple, is technically not
straightforward. Here I discuss the chal-
lenges relating to the reference-based
annotation of de novo TE insertions. I
then propose a solution for representing
de novo TE insertions that accommodates
known mechanisms of TE insertion and
established coordinate systems for genome
annotation.
Base vs. Interbase Genome
Coordinate Systems
Before considering issues relating to the
reference-based annotation of de novo TE
annotations, it is necessary to introduce
the two major coordinate systems for
genome annotation. The so-called “base”
coordinate system anchors genomic feature
to nucleotide positions in the genome. In
contrast, the “interbase” (also known as
“zero-based” or “space-based”
11) coordi-
nate system anchors genomic feature to
the spaces between nucleotide positions
in the genome. While they may seem
trivially different, these two alternate
representations have important implica-
tions for the mapping of de novo TE
insertions relative to a reference genome,
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and often cause confusion in the genomics
community. For example, The UCSC
genome bioinformatics team provides an
answer to a “frequently asked question”
(http://genome.ucsc.edu/FAQ/FAQtracks.
html#tracks1) about this issue since this
site uses base coordinate system (which
they refer to as “one-based, fully-closed”)
in the UCSC genome browser display but
interbase coordinate system (referred to as
“zero-based, half-open”) in their analysis
tools and file formats.
Base coordinate systems are in many
ways more intuitive biologically, since
features encoded by specific nucleotides
in the genome are mapped to correspond-
ing regions of the reference sequence. As
such, most genome annotation portals
(e.g., NCBI or Ensembl), bioinformatics
software (e.g., BLAST) and annotation
file formats (e.g., GFF) use the base
coordinate system. Interbase coordinate
systems, despite being biologically non-
intuitive, have a number of features that
make them more computationally attrac-
tive, and thus are used by a growing
number of genome bioinformatics sys-
tems, such as the UCSC Genome Browser
(http://genome.ucsc.edu/FAQ/FAQtracks.
html#tracks1), Chado (http://gmod.org/
wiki/Introduction_to_Chado#Interbase_
Coordinates), and DAS2 (http://biodas.
org/documents/das2/das2_get.html#
segment_ranges).
To see why many genome informatics
systems use the interbase coordinate
system, it is first necessary to see how base
and interbase coordinates are represented
numerically for an annotation that is
present in the reference genome (such as
a known TE insertion that is present in
the reference sequence). Let's assume that
we have an annotated feature spanning
the nucleotides GGGCCC in a hypothet-
ical reference genome shown in Figure1A.
Under the base coordinate system, this
feature would be represented as a pair
of coordinates: start = 3 and end = 8.
Under the interbase coordinate system, the
coordinates are instead: start = 2 and end =
8. The numerical difference between the
two coordinate systems lies in terms of
how the start coordinate is represented and
how the coordinate range is interpreted.
As noted above, there are several advant-
ages for using the interbase coordinate
system including: (1) the ability to represent
features that occur between nucleotides
(like a splice site or de novo TE insertion),
(2) simpler arithmetic for computing the
length of features (e.g., the length of a
coordinate span is end-start, rather than
end-start+1 as it is for base coordinates),
(3) simpler arithmetic for calculating range
overlaps, and (4) more rational conversion
of coordinates from the positive to the
negative strand (For further discussion,
see http://genomewiki.ucsc.edu/index.php/
Coordinate_Transforms).
A Proposal for Annotating
De Novo TE Insertions
on Base Coordinate Systems
So why is the choice of coordinate system
important for the annotation of de novo
TE insertions mapped to a reference
sequence? The short answer is that de
novo TE insertions are not a part of the
reference sequence and occur between
nucleotides in the reference coordinate
system. Therefore it is intrinsically difficult
to accurately represent the location of a de
novo TE insertion on base coordinates.
Nevertheless, one-base coordinate systems
dominate most of genome bioinformatics
systems and are an established framework
that one has to work within. So how then
should we annotate de novo TE inser-
tions on base coordinates? Answering this
question leads to several unanticipated
considerations, and why I believe that a
standard must be established in the field of
TE genomics if we wish to create easily
interpretable annotations of de novo TE
insertions identified using NGS technolo-
gies. Moreover, solving this problem is
particularly crucial for applications where
we wish to map TE insertions with
nucleotide-level precision, such as extract-
ing information about the exact nature of
a TE-induced mutation or detailed under-
standing of the target site preferences of a
TE family.
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To begin, let’s consider a TE that
inserts between positions X and X + 1 in
a genome. Under a base coordinate
system, if we wish to map a TE insertion
to single base resolution, we quickly
encounter our first problem. Do we
annotate both the start and stop coordi-
nates at position X, or both coordinates at
position X + 1 (Fig.1B)? If we chose to
annotate the insertion at position X, then
we need to invoke a rule that the TE
inserts after nucleotide X to interpret this
annotation correctly. Conversely, if we
chose to annotate the insertion at position
X + 1, then we need to invoke a rule that
the TE inserts before nucleotide X to
interpret this annotation correctly.
So, should we instead annotate the TE
as a two base span starting at X and ending
at X + 1, with the interpretation that the
insertion occurs between the start and end
positions? This too is an unsatisfactory
Figure1. Genome coordinate systems and the annotation of TE insertions. The location of an
arbitrary genomic feature encoded by the sequence GGGCCC is represented differently in base
and interbase coordinate systems (A). Since de novo TE insertions occur between bases in the
reference genome, they are more naturally represented by interbase coordinate systems. On the
widely-used base coordinate system, mapping a de novo TE insertion requires the invocation of
arbitrary rules (either before or after the insertion site) (B). These arbitrary rules can lead to
ambiguity in the mapping and interpretation of de novo TE insertions.
52 Mobile Genetic Elements Volume 2 Issue 1© 2012 Landes Bioscience.
Do not distribute.
solution since at face value it incorrectly
implies that the TE insertion spans two
base pairs in the genome or that it is
imprecisely mapped.
In addition to the fact that TEs insert
between bases in the reference genome and
therefore present an intrinsic challenge to
base coordinate systems, a second problem
concerning the annotation of de novo
insertions arises from the joint effects of
(1) the presence of target site duplications
(TSDs) and (2) the sequence information
used to map TE insertions to a reference
genome. First, most TEs create staggered
cuts in the genomic DNA that are filled on
TE integration leading to short TSDs at
the ends of TE insertion. TSDs, however
short they may be, represent duplication
of sequence that is present as a single copy
in the pre-insertion sequence represented
by the reference genome. Second, methods
used to map de novo TE insertions to
precise coordinates in the genome use
sequence information in the junction
region between a TE and its unique
flanking sequence (such methods are
sometimes referred to as “split-read”
methods). These TE-flank junction
sequences can be obtained from either
the 5' or 3' end of the TE insertion
(Fig.2). Because the TSD is present on
both ends of the TE insertion but only
occurs once in the reference genome, it
turns out that where a de novo TE inser-
tion is annotated depends on whether one
uses the TE-flank sequence from the 5' or
3' end and the orientation of the TE
insertion in the genome.
An example of how these effects
together create problems for mapping TE
insertions is shown in Figure2. In this
case, imagine that at TE creates a five base
pair TSD on insertion, represented once
in the reference genome but in two places
in the genome with the TE insertion.
For an insertion on the positive strand
(. . . ), a TE-flank sequence from the
5' end is annotated to occur at the 3'
end of the TSD. In contrast, an insertion
mapped using information from the 3'
TE-flank sequence is placed at the 5' end
of the TSD. On the other hand, for an
insertion on the negative strand (,,,),
the opposite effect occurs. Regardless of
orientation, TE-flank junction sequences
from the 5' or 3' end map the TE insertion
to different locations in the genome,
which is highly undesirable and could
lead to differences in interpretation among
researchers.
In fact, depending on (1) the orienta-
tion of the TE insertion and (2) which end
of the TE is mapped to the genome, a
given target site can lead to a total of four
potential mappings. As a consequence,
both the one- and two-base coordinate
representations suggested above to map
insertion sites are flawed, since even with
consistent rules about mapping from
either the 5' or 3' end, TEs that insert
into the same target site but occur on
different strands would be annotated at
two different locations. This is precisely
the case for the annotation of artificial
P-element insertions into the D. melano-
gaster genome (which have the same
reference-based mapping problems as TE
insertions discovered using NGS), and
why we previously observed an unexpected
excess of insertions spaced exactly eight
base pairs apart (the length of the TSD for
the P-element
13) in the genome annota-
tion on opposite strands for this TE.
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As an solution to the problem of
mapping de novo TE insertions on base
coordinate systems, I propose that we
abandon the idea of annotating the
insertion site and instead annotate the
genomic sequence that is duplicated to
give rise to the TSD (the “pre-TSD”
sequence). Specifically, I suggest annotat-
ing the start and end of the pre-TSD
sequence as the feature span and labeling
the orientation of the TE in the strand
field. This formulation works because the
pre-TSD actually does exist in the genome
and therefore can be naturally annotated
on base coordinate systems. Moreover,
this solution bypasses having to chose an
arbitrary rule about where to locate the TE
relative to the TSD, as is required under
the one-base/two-base annotation frame-
work (see for example ref. 15). Further-
more, it represents insertions into the same
target site, but which occur on different
strands, at the same location in the
genome. Finally, under this framework
one can use both 5' and 3' TE-flanking
sequence information jointly to map de
novo TE insertion sites. In fact, the
overlap on genome coordinates from
sequences supporting the 5' and 3' TE-
flanking regions defines the pre-TSD.
12
This solution is flexible enough to
Figure2. TSDs create ambiguity in the annotation of de novo TE insertion sites. Unique DNA
in the reference genome (e.g., positions 3–7 for a 5 bp TSD) is duplicated on insertion of a TE
for both insertions on the positive strand (...) and negative strand (,,,). When NGS reads
(solid gray arrows) that span the TE-flanking region junction are used to map de novo TE insertions
on the positive strand, the placement of the insertion relative the TSD differs for reads from
the 5’ (after TSD) and 3’ (before TSD) ends of the TE. Differential annotation of TE insertion sites is
also observed for negative strand insertions, but placement relative to the TSD is reversed relative
to positive strand insertions. These TSD-induced effects can lead to ambiguity in the mapping and
interpretation of de novo TE insertions.
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accommodate most mechanisms of TE
integration, since it requires no prior
information about TSD length for a given
TE family, and it also works for TE
families that generate variable length
TSDs, since the pre-TSD is annotated
on a per insertion basis.
Exceptions and Concluding
Remarks
One problem left open by this solution is
that posed by exceptional TE families that
do not create a TSD, which do exist.
16
However, since these families by definition
do not generate a TSD, several of the key
problems with the one-base/two-base
representations discussed above do not
apply. Thus either of these strategies
could suffice and would be in principle
compatible with the pre-TSD annotation
scheme advocated here. I suggest using the
one-base representation, with insertions
mapped consistently to the X position
regardless of strand. Finally, the frame-
work proposed here should be seen not as
the ultimate solution to the problem of
representing de novo TE insertions, but as
a step toward establishing a standard for
studies that harness the power of NGS
technology to answer fundamental ques-
tions about the role of TEs in functional
and evolutionary genomics. By raising the
issues relating to the seemingly simple task
of mapping TEs to a reference genome
here, it is hoped that further consideration
of this matter will lead to the adoption
of a general solution that allows for the
annotation of TE insertions in a concerted
and uniform manner in the field.
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